We report an ultra-low resistance superconducting joint using unreacted multifilament MgB2 wires produced by tailoring the powder compaction pressure within the joint with heat treatment conditions. The joint demonstrated an ultra-low resistance of 5.48  10 -15  and critical current (Ic) of 91.3 A at 20 K in self-field. The microstructural and composition studies of the joint revealed cracks and a high amount of MgO, respectively. These two features reduced the Ic of the joint to some extent; nevertheless, the joint resistance was not affected by it. Our tailored joining process will play a pivotal role in superconducting joint development.
be fabricated with further lower resistance, it will be certainly beneficial to improve magnetic field stability during the persistent-mode operation in the MgB2 MRI magnet [34] . Moreover, surprisingly, no superconducting joint using a multifilament MgB2 conductor has ever been evaluated in a magnetic field above 4.2 K temperature. In a practical scenario, however, the joints will be placed in the MRI magnet system under some magnetic field. Herein, therefore, we report superconducting joints using unreacted multifilament MgB2 wires and their evaluation results in different magnetic fields and temperatures. The powder compaction pressure within the joint and heat treatment conditions were tailored to realize high performing superconducting interfaces between the filaments of two MgB2 wires.
The unreacted multifilament MgB2 wire was fabricated using an in situ process and supplied by Sam Dong Co., Ltd [35, 36] . Figure S1 in supplementary material shows the optical cross-sectional image of the MgB2 wire and Table S1 shows its specifications. The transport Ic(s) of the joints were measured in a variable temperature insert (VTI) of a superconducting magnet with dc current up to 200 A at different temperatures and magnetic fields using the four-probe method with the criterion of 1 µV cm -1 . A closed-loop coil was fabricated using one superconducting joint to measure the joint resistance using the field-decay method [20] . The photograph of the MgB2 closed-loop coil and its test setup are shown in Figure S2 , whereas specifications of the coil are shown in Table S2 . The cross-section of the joint was observed in a Hitachi SU-70 scanning electron microscope (SEM). For analyzing the powder specimen obtained from the MgB2 bulk of the joint, the X-ray diffraction (XRD) pattern was acquired using Rigaku Miniflex II. The quantitative analysis was performed using a RIETAN-FP Rietveld refinement package [37] . A among the joints with the same heat treatment condition. These results suggest that to achieve superior transport performance of the joints, the compaction pressure needs to be tailored with heat treatment conditions. Based on the in-field performance evaluation of the two high performing joints, the joint heat-treated at 650 °C for 30 min was further studied in detail in Figure S3 . The Ic performance of our joint at 10 K in self-field is comparable to the joint results reported by Yao et al [21] . However, it is lower at 20 K in self-field compared with Ic of the joint recently reported by Yoo et al. [33] . Therefore, we further need to improve the transport Ic of our joint.
Following the evaluation of the transport property of the joint, field-decay measurement of the joint was conducted to precisely measure the joint resistance. As shown in Figure 3 (a), for trapping the magnetic field in the closed-loop coil, firstly, the background field was increased to 10 kG when the joint temperature in the coil reached about 55 K during cool down. Once the joint temperature in the coil was stabilized at about 20 K, the background field was slowly reduced to zero. During this process, some magnetic field was trapped in the closed-loop as shown in Figure 3 (b). The trapped field was allowed to stabilized up to 0.66 h of the experiment time. At this time, the trapped field at the hall sensor location was 13.69 G, which was equivalent to approximately 22.4 A trapped current according to finite element analysis calculation. The trapped field of the closed-loop coil was observed for a little over 13.5 h (Figure 3(c) ). At the time of starting persistent-mode operation, the closed-loop coil field was 13.69 G (t1: 2400 sec), which was decayed to 13.60 G (t2: 51053 sec) in about 13.51 h (t:48653 sec). The inductance of the closed-loop coil was 0.0404 µH. The total calculated joint resistance according to L -R circuit decay equation was 5.48  10 -15  at 20 K in self-field [38] . The magnetic field decay line calculated using the L -R circuit time constant is also shown in Figure 3 (c) using the dashed line, which matches very well with the actual decay. The joint resistance reported in this work is the lowest joint resistance reported to date for any MgB2 joint at 20 K in self-field. After observing persistent-mode for enough duration, the temperature of the coil was increased along with the joint. As can be seen in Figure 3(d) , when the temperature on the joint was started to increase, the trapped field of the closed-loop coil was started to decrease and eventually reached zero.
To correlate the transport property and ultra-low resistance of our joint with its microstructure, the cross-section of the joint was analyzed using SEM. and leaving pores behind. Generally, it is difficult to avoid pores completely from the MgB2 bulk obtained using Mg and B powders. As shown in Figure 4 (c), we also observed some cracks in the MgB2 bulk as shown using yellow arrows. The cracks might have generated due to over compaction pressure in the joint. Further tailoring of compaction pressure around 20 kN force might reduce the cracks in the joint part. These cracks can be attributed to somewhat lowering Ic of our joint compared with Yoo et al. [33] . The interface between the MgB2 filament and bulk appeared very good with some half pores on the edge. As illustrated in Figure 1(b) , twoway solid-state diffusion of the Mg particles between the neighboring Mg + B powder and the core of the filaments inside the joint would have taken place during heat treatment at 650 °C to form a superconducting interface between them. This can be attributed to achieving true superconducting joint and ultra-low resistance in our joint.
We used the high-temperature sealing material at the top and side of our joint to reduce the evaporation of Mg during the heat-treatment process. This is because the melting point of Mg is about 650 °C. If we did not use the sealing material, the evaporation of Mg would have led to a stoichiometric imbalance in our MgB2 bulk, thereby, further reducing the transport performance of the joint. However, the use of the sealing material also brought the risk of the reaction of the sealing material with the bulk of the joint. To clarify this point further, we carried out an XRD analysis of the powder specimen obtained from the joint's MgB2 bulk. This suggests that the Mg of the premix powder was either contaminated or Oxygen might be introduced in the bulk during fabrication or heat-treatment process. In our previous work, we observed an MgO fraction of about 13.3 wt.% in the MgB2 bulk of the monofilament MgB2 joint [20] . The secondary phase MgO generally exists at the MgB2 grain boundary, thereby affects the grain connectivity [39] . A higher fraction of MgO in the joint's MgB2 bulk, therefore, might be the other reason for lowering Ic of our joint. Interestingly, a higher fraction of MgO does not seems to affect the joint resistance, however.
In summary, we have presented an ultra-low resistance superconducting joint using 
